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EXECUTIVE SUMMARY

Fatigue crack growth rate (FCGR) tests were conducted on titanium alloy
Ti-5111 weld metal in air, artificial seawater, and artificial seawater with an
applied cathodic potential. The results indicated a minor effect of seawater in
increasing FCGR of Ti-5111 weld metal. However, the application of a cathodic
potential of 0.987 V versus Ag/AgCl reference electrode showed crack growth
rates similar to FCGR in air. Additionally, comparisons are made regarding the
FCGR behavior of Ti-5111 plate, Ti-100 (Ti-621-0.8Mo) plate, and Ti-5111 weld
metal in both air and seawater. These results indicated that both high strength
titanium alloy grades, including the base and weld metal, performed similarly in
all test environments.

INTRODUCTION

The fatigue crack growth rate behavior in high strength alloys is required for structural
integrity assessments of structures that undergo cyclic loading in service. Such information is
especially important for flaw growth analyses of welds, where non-destructive examination may
indicate defects, and repair or fitness-for-service decisions must be supported. This report
describes fatigue crack growth rates (FCGR) in titanium alloy Ti-5111 (Ti-5Al-1Sn-1Zr-1V-
0.8Mo) weld metal in air and in synthetic seawater. The results are compared to those of Ti-
5111 and Ti-100 (Ti-6Al-2Cb-1Ta-0.8Mo) plate.

Ti-5111 is a near-alpha titanium alloy developed jointly by the Navy and Titanium
Metals Corporation (TIMET) for intermediate strength, high toughness, good weldability, stress-
corrosion cracking resistance, and room temperature creep resistance. The Ti-5111 alloy was
developed to have properties equal to titanium alloy Ti-100, but capable of being produced at
lower cost with greater product yield than Ti-100 [1, 2, 3, 4]. Titanium alloys vary in their
sensitivity to corrosion fatigue in the marine environment. Therefore, this investigation focused
on the determination of the effects of seawater and applied cathodic potential on fatigue crack
propagation in Ti-5111 plate and weld metal. Prior FCGR studies by the Naval Research
Laboratory [5] and TIMET [2] established fatigue crack growth rates in Ti-5111 plate in air and
seawater and provided a basis of comparison of base metal properties with this evaluation of Ti-
5111 weld metal FCGR. The effects of applied cathodic potential on the fatigue crack growth
behavior of the Ti-5111 weld metal were determined. Finally, data from studies on Ti-100
fatigue crack propagation [6] were used to directly compare fatigue crack growth behavior in the
two titanium alloys.
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MATERIALS INVESTIGATED

All weld metal (AWM) fatigue crack growth rate (FCGR) specimens were machined
from two 1-inch thick weldments of Ti-5111 plate (TIMET Heat #T-6253, ASTM B 265, Grade
32). The weldments identification codes were HGC and HGF. The plate was produced from
part of a 4500kg ingot that was triple melted, forged into a slab, and subsequently beta-rolled
into plates and alpha/beta annealed. Two separate weldments were produced under the
conditions outlined in Table 1. The filler metal used for both welds was matching Ti-5111 weld
wire, 0.062 and 0.165-inch diameter, drawn from TIMET Heat #6253. Both weldments were in
the as-welded condition.

Table 1: Weld Conditions for Ti-5111 Fatigue Crack Growth Rate Specimens

Welding Facility Carderock Division Titanium Fabrication
Weld ID HGC HGF
Process Mode Automatic Manual

Joint Design Double bevel (K-joint) Single-V, 60°

Condition As-welded Stress Relieved

The chemical compositions of the Ti-5111 plate, filler wire, and the as-deposited weld
metal are shown in Table 2. The plate composition was within the limits specified by ASTM B
265, Grade 32, and the filler wire and deposited weld metal compositions were within the limits

specified by AWS AS5.16, Grade 32; including the levels of interstitial hydrogen (0.0050 max.),
oxygen (0.08 max.), and carbon (0.03 max.).

Table 2: Chemical Composition of Ti-5111 Plate,
Weld, and Filler Wire (weight %)

Element B 265 Parent Weld Weld
Grade 32 Plate Wire Metal

Aluminum 4555 5.30 5.18 5.26
Tin 0.6-1.4 1:11 1.06 1.03
Vanadium 0.6-1.4 142 1.07 1.00
Zirconium 0.6-1.4 1.07 1.08 0.96
Molybdenum 0.6-1.2 0.82 0.79 0.75
Iron 0.25 max 0.099 0.034 0.055
Silicon 0.06-0.14 0.13 0.12 0.09
Oxygen 0.11 max 0.087 0.047 0.053
Carbon 0.08 max 0.005 0.008 0.008
Nitrogen 0.03 max 0.005 0.005 0.004
Hydrogen 0.015 max 0.0100 0.0022 0.0030
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Cross-sections of the weldments were polished and etched for macro graphic
examination. Photo macrographs of the transverse cross-section of the double-bevel K joint
weld, HGC, and the single-V weld are shown in Figures 1 and 2, respectively. Visual
examination of both welds determined the weld metal to be sound, with no indications of cracks,
porosity, or defects. Hardness testing was conducted across the weld metal, heat-affected zones,

and base metal. The hardness across each region was consistent and ranged from 28 to
32 HRC for the weld metal and HAZ and from 27 to 30 HRC for the base plate.

Figure 2: Macrograph of Ti-5111 Single-V GTAW Joint, Code HGF
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Mechanical property testing of the Ti-5111 plate and weld metal was conducted [4].
Tensile tests (ASTM E 8) of the Ti-5111 plate and all weld metal were conducted using standard
0.505-inch diameter specimens. Charpy V-notch (ASTM E 23) and 5/8-inch dynamic tear
(ASTM E 604) impact toughness tests were conducted on the plate and weld metal. In the weld
metal toughness tests, the specimens were notched to fracture in the welding direction. The
Charpy V-notch and dynamic tear tests were all conducted at 30 °F. A summary of the results
for welds HGC and HGF, and the Ti-5111 parent plate are provided in Table 3. The Ti-5111
parent plate and weld metals met or exceeded the minimum tensile properties of ASTM B 265,
Grade 32, and both weld metals exceeded the interim minimum toughness requirements for Navy
applications based on Ti-100 weld metal.

Table 3: Mechanical Properties of Ti-5111 Weld Metal and Parent Plate.

Charpy V-

(minimum)

Ultimate = < 5/8-inch
) Tensile 0.2% Yield Elongation Reduction notch Dynamic
Material Strength s of Area Impact
Strength (ksi) (%) (%) Energy Tear Energy
(ksi) (ft-Ibs) (ft-1bs)
Ti-5111 Plate (T-6253) 122.7 104.3 14 255 35,32, 402 382
1-inch Thick (L-T) 123.0 105.5 115 31.0 37,35 :
Automatic GTAW 34, 36, 38
135. 128.6 1 1 e e 270, 2
Code HGC Sl e . 34, 38, 38 &0
Manual GTAW 127.0 112.3 9 24 48, 41, 43, 270. 330
Code HGF 126.7 114.0 9 21 42,47, 43 i
ASTM B 265, Grade 32 = * »
for Plate (minimum) 100 e 2
Interim Ti-5111 Weld
Metal Toughness 25 200

Note: *=not specified.
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EXPERIMENTAL PROCEDURE

The fatigue crack growth rate tests were performed on five all-weld-metal (AWM)
compact tension specimens, a schematic (adapted from ASTM E 647) of the compact tension
type specimen, C(T), is shown in Figure 3. The specimens were machined with the notch in the
welding direction (T-L), approximately in the center of the weld metal. The FCGR tests were
conducted in accordance with ASTM Standard Test Method E 647 for Measurement of Fatigue
Crack Growth Rates.

units in inches

Figure 3: Schematic of the Compact Tension Specimen
Used in Fatigue Crack Growth Rate Tests

The FCGR tests were performed using a 10,000 Ib servo-hydraulic, closed-loop testing
system with computer-assisted control and data collection. The tests were conducted under
constant load amplitude, using a sine-wave function. Crack length (a) was estimated from
specimen compliance (o) using the following expression:

a=W (1.001 - 4.6695a + 18.46a° — 236.82a’ +1214.9a* — 2143.60" ) (1)
p- 1
where E'vB ) 2)
( j +1
and
E' = effective modulus of elasticity ~ 16 X 10° psi
B = specimen thickness, inch
v = crack opening displacement, inch
P = load, Ib
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The effective modulus of elasticity accounts for any differences between the physical and
compliance crack size measurements and uncertainty in the actual value of the elastic modulus.
The value of E’ must be within 10% of the typical elastic modulus for the results to be valid.

Tests were typically conducted from a crack-tip intensity factor range (AK) of 15 ksiVin
to 50 ksiVin (see Table 4 for exact values). The crack-tip intensity of each data point is given by
Equation (3), as follows:

i (2+%V)*f(%i/)

3 3)
BW

Y =

b9 F

where

W = specimen width, inch
a ’ :
/w = normalized crack size

AP = load range, b
5 4
and f(c/W )= 0.866 + 4.64(% )— 13.32(%) +14.72(a/w)’ -5.6\¢ W) &

The specimens were pre-cracked in air at a frequency of 20 Hz and a load ratio of
R = Pmax/Pmin = 0.1

The FCGR tests were conducted at ambient laboratory temperatures in air, standard
aerated artificial seawater (ASTM D 1141 ), and aerated artificial seawater with an applied
cathodic potential. The crack front was submerged in the seawater with fresh seawater dripping
continuously into a containment cell surrounding the crack. An Ag/AgCl reference electrode and
a graphite counter electrode were used to apply a constant cathodic potential of 0.987 V in tests
with applied potential to simulate the presence of a zinc anode in proximity. The FCGR test
parameters are summarized in Table 4. Specimens tested in seawater were tested at a lower
frequency to allow time for potential corrosion to occur.

Table 4: Test Parameters for Ti-5111 Weld Metal FCGR Tests.

Spgé:;r)\en Frequency llica’taig Test i Tes.t
(Hz) Environment Lowest AK Highest AK
No. R (ksivin) (ksivin)
HGC-11 5 0.1 air 8 40
HGC-8 1 0.1 sw 10.8 50
HGF-7A 1 0.1 sw w/cp 15 50
HGF-7B 1 0.1 sw 15 50
HCG-13 1 0.1 sw wicp 15 50
Notes:

Sw =artificial seawater;
sw w/cp = seawater with applied cathodic potential.
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RESULTS AND DISCUSSION

The fatigue crack growth data are presented on typical fatigue crack growth rate plots,
where the change in crack growth per cycle (da/dN) is plotted versus the crack-tip stress intensity
factor range (AK) on a logarithmic plot. Typically, these plots display three distinct regions with
an overall sigmoid shape [7]. Region I is the region of slow crack growth characterized by the
stress intensity threshold value (AKy,), below which cracks do not grow. Region Il is termed the
“Paris” regime because the crack growth behavior is follows the Paris Law:

da/dN = C(AK)" (5)
where C = Paris coefficient and n = crack growth exponent.

This region is often linear in log-log plot, allowing one to calculate the crack growth rate
behavior of a material until it reaches region III. In region III, cracks approach a critical stress
intensity value, where unstable crack growth leads to fracture.

The focus of these tests was to obtain FCGR data within the Paris Law regime, while
obtaining Ky, and K data was outside the scope. Fatigue crack growth rate behavior of Ti-5111
weld metal in air is shown in Figure 4. A power-law trend line was added to the plot to obtain
the Paris coefficient and crack growth exponent, where:

in
C=4728" %ycle
ksis/i;

and n=3.87.

These results were used as a baseline for comparison to FCGR data of Ti-5111 weld
metal in seawater and seawater with applied cathodic potential, as well as comparison to Ti-5111
FCGR data for plate and FCGR data for Ti-100 alloy. The variations in FCGR data in a given
test can primarily be attributed to non-homogeneous structure of the weld metal, where the crack
path and crack front are more erratic than in wrought metals, and to the presence of some level of
residual stress from welding.

FCGR of Ti-5111 Weld Metal

& HGF-11 (weld, air, R=0.1,
f=1Hz)

10
Delta K (ksi in”.5)

Figure 4: Fatigue Crack Growth Rates for Ti-5111 Weld Metal in Air
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A linear region of crack growth of the weld metal in air ranging from AK = 10 ksivVin to
approximately AK = 40 ksiVin is shown in Figure 4. These data are compared to fatigue crack
growth rates of Ti-5111 weld metal in aerated seawater in Figure 5. The FCGR behavior in
seawater exhibited slightly higher crack growth rates than the weld metal tested in air. However,
Figure 6 shows that the applied cathodic potential of -0.987 V minimized the effect of seawater
on specimen HGF-13; however, the cathodic potential did not have a significant effect on
specimen HGC-7a. Additional research is required to fully understand the effect of applying a
cathodic potential to Ti-5111 fatigue crack growth rate specimens.

1.0E-03

1.0E-04

- & HGF-11 (weld, air,
S 10805 R=0.1, f=5Hz)
= m HGC-8 (weld, sw,
R=0.1, f=1Hz)
1.0E-06
HGC-7b (weld, sw,
R=0.1, f=1Hz)
1.0E-07
1 10 100
Delta K (ksi in*.5)
Figure 5: Fatigue Crack Growth Rates in Ti-5111
Weld Metal in Seawater (sw) and in Air
1.0E-03
1.0E-04
‘ ® HGF-11 (weld, air,
z p— R=0.1, f=5Hz)
% ® HGF-13 (weld, sw
w/cp, R=0.1, f=1Hz)
1.0E-06 - HGC-7a (weld, sw
w/cp, R=0.1, f=1Hz)
1.0E-07

1 10 100
Delta K (ksi in*.5)

Figure 6: Effect of Seawater With Applied Cathodic Potential
on Fatigue Crack Growth Rates in Ti-5111 Weld Metal
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Figure 7 compares the similar FCGR behavior in air of Ti-5111 weld metal and Ti-5111
plate tested in air in other studies [2,5]. The graph indicates slightly lower fatigue crack growth
rates through the weld metal, which may be attributed to the more tortuous crack path in the weld
metal and to the presence of residual stress from welding.

1.0E-03

1.0E-04

1.0E-05

1.0E-06

da/dN

@ HGF-11 (weld, air, R=0.1, f=1Hz) |
= NRL (base, air, R=0.1, f=5Hz)
TiMet (base, air, R=0.1, f=1Hz)

1.0E-07

1.0E-08

1.0E-09

1 10 100
Delta K (ksi in*.5)

Figure 7: Comparison of Fatigue Crack Growth Rates
in Air in Ti-5111 Plate and Ti-5111 Weld Metal

Similarly, FCGR data from Ti-5111 weld metal specimens HGC-8 and HGF-7B,
conducted in seawater, are plotted in Figure 8 compared to FCGR data for Ti-5111 plate [2,5]
conducted in seawater environment. The FCGR behavior of Ti-5111 plate and weld metal were
similar.

1.0E-03

1.0E-04

1.0E-05
=z ® HGC-8 (weld, sw,
- =~
1.0E- R=0.1, f=1Hz)
3 . HGC-7b (weld, sw,
R=0.1, f=1Hz
1.08:07 o NRL (base 5w R=0.1,
f=5HZZ
1.0E-08 TiMet (base, sw,

R=0.1, f=1Hz)

1.0E-09
1 10 100

Delta K (ksi in*.5)

Figure 8: Comparison of Fatigue Crack Growth Rate
Behavior of Ti-5111 Plate and Weld Metal in Seawater
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For supplemental documentation of FCGR data for Ti-5111, results for Ti-5111 plate
developed by NRL [5] in air and seawater at two different load ratios, R = 0.1 and R = 0.9, are
shown in Figure 9. The high load range represents fatigue crack growth under conditions of a
high, steady crack-opening load with a low amplitude ripple loading. Such conditions have been
shown to degrade the stress corrosion cracking resistance in saltwater of otherwise SCC resistant
high strength titanium alloys [8]. As shown in Figure 9, there was no significant effect of the
seawater environment on FCGR at the high load ratio. Also, it should be noted that the testing
frequency of the specimens in seawater (f = 5 Hz) was the same as those specimens tested in air,
and is relatively high for a corrosion FCGR test.

1.0E-03

1.0E-04

1.0E-05

1.0E-06

da/dN

® NRL (base, air, R=0.1, f=5Hz) I
& NRL (base, sw, R=0.1, f=5Hz)

NRL (base, air, R=0.9, f=5Hz)
NRL (base, sw, R=0.9, f=5Hz)

1.0E-07

1.0E-08

1.0E-09

1 10 100
Delta K (ksi in*.5)

Figure 9: Fatigue Crack Growth Rate Behavior in Ti-5111 Plate in
Air and Seawater at Low and High Load Ratios (NRL [5])

Because the Ti-5111 system was developed as an alternative to Ti-100 in naval
applications, a comparison of FCGR behavior of Ti-5111 to Ti-100 is relevant. Fatigue crack
growth rate results for Ti-5111 plate [2,5] are compared to results for Ti-100 plate [6] in Figure
10. The results show that Ti-100 and T-5111 plate tested in air exhibit similar fatigue crack
growth rates where data were available in overlapping stress intensity ranges. Figure 11
compares FCGR behavior of Ti-5111 and Ti-100 plate in seawater, in addition to Ti-5111 weld
metal in seawater. The results indicate little significant difference among the fatigue crack
growth rate curves for Ti-100 plate, Ti-5111 plate, and Ti-5111 weld metal in a seawater
environment.

10
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FCGR of Ti-5111 vs. Ti-100 in Air

1.0E-03
1.0E-04
1.0E-05
4
g 1.0E-06
- ® NRL (base, air, R=0.1, f=5 Hz)
1.08:07 TiMet (base, air, R=0.1, f=1 Hz)
R TH100 (air f=02He)
1.0E-09
1.00 10.00 100.00 1000.00
Delta K (ksi in*.5)
Figure 10: Comparison of Fatigue Crack Growth Rate
Behavior in Ti-5111 Plate and Ti-100 Plate in Air
FCGR of Ti-5111 vs Ti-100 in Seawater
1.0E-03
1.0E-04
2 L = HGC-8 (weld, sw, R=0.1, f=1Hz)
3 1.0806 HGC-7b (weld, sw, R=0.1, f=1Hz)
-

& NRL (base, sw, R=0.1, f=5Hz)
TiMet (base, sw, R=0.1, f=1Hz)
X Ti-100 (base, sw, f=0.2Hz)

1.0E-07
1.0E-08

1.0E-09
1 10 100 1000

Delta K (ksi in*.5)

Figure 11: Comparison of Fatigue Crack Growth Rate Behavior in
Ti-5111 Plate, Ti-100 Plate, and Ti-5111 Weld Metal in Seawater

11
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CONCLUSIONS

Fatigue crack growth rates in Ti-5111 weld metal were obtained in both air and artificial
seawater environments. The results indicated that there was only a minor effect of the seawater
environment on the FCGR behavior of Ti-5111 weld metal. Applied cathodic potential
equivalent to that applied by zinc anodes provided mixed results. One specimen demonstrated
fatigue crack growth rates in seawater similar to those in air, while increased crack growth rates
were observed in a second specimen. Further testing would be required to fully understand the
effect of cathodic potential on the fatigue crack growth rates of Ti-5111 in artificial seawater.

Ti-5111 weld metal FCGR data was compared to FCGR data for Ti-5111 and Ti-100
plate product, and the following was concluded:

e Ti-5111 plate and weld metal showed similar behavior, with FCGR in the Ti-5111
weld metal having slightly lower fatigue crack growth rates than Ti-5111 plate in air.

e inall comparisons, Ti-5111 plate and weld metal exhibited similar fatigue crack
growth rates to Ti-100 plate.

12
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